When successful, human leukocyte antigen (HLA)-matched bone marrow transplantation with reduced-intensity conditioning is a cure for several nonmalignant hematologic disorders that require chronic transfusion, such as sickle cell disease and aplastic anemia. However, there are unusually high bone marrow transplant (BMT) rejection rates in these patients. Rejection correlates with the number of transfusions before bone marrow transplantation, and it has been hypothesized that preimmunization to antigens on transfused blood may prime BMT rejection. Using a novel mouse model of red blood cell (RBC) transfusion and major histocompatibility complex-matched bone marrow transplantation, we report that transfusion of RBC products induced BMT rejection across minor histocompatibility antigen (mHA) barriers. It has been proposed that contaminating leukocytes are responsible for transfusion-induced BMT rejection; however, filter leukoreduction did not prevent rejection in the current studies. Moreover, we generated a novel transgenic mouse with RBC-specific expression of a model mHA and demonstrated that transfusion of RBCs induced a CD8 ؉ T-cell response. Together, these data suggest that mHAs on RBCs themselves are capable of inducing BMT rejection. Cellular immunization to mHAs is neither monitored nor managed by current transfusion medicine practice; however, the current data suggest that mHAs on RBCs may represent an unappreciated and significant consequence of RBC transfusion.
Introduction
When successful, bone marrow transplantation is a cure for nonmalignant hematologic disorders such as sickle cell disease, aplastic anemia, Diamond-Blackfan anemia, and Fanconi anemia. [1] [2] [3] [4] [5] [6] [7] [8] Currently, most transplantations are performed in the context of treating neoplasia, and stringent recipient conditioning is used to attack the malignancy. In this context, bone marrow transplant (BMT) rejection is now a rare event, as the conditioning regimens essentially eliminate recipient immunity. However, for disorders in which no malignancy is being treated (eg, sickle cell disease), it is difficult to justify the use of stringent myeloablative conditioning regimens, which can lead to substantial morbidity and mortality from toxic side effects. Accordingly, it is highly desirable to develop reduced-intensity BMT conditioning regimens that minimize toxic side effects.
Unfortunately, current reduced-intensity regimens result in significant rates of BMT rejection in patients with nonmalignant hematologic disorders. [9] [10] [11] [12] One factor that potentially contributes to rejection is the requirement for chronic transfusion therapy. There is a strong correlation between the number of transfusions a patient has received and the likelihood of BMT rejection. [13] [14] [15] Moreover, canine studies have demonstrated that transfusion of peripheral blood from bone marrow donors before transplantation can induce BMT rejection in otherwise healthy animals. [16] [17] [18] Together, these data are most consistent with the hypothesis that transfusion primes the recipient to reject bone marrow through immunization to donor antigens. Because the donors and recipients are major histocompatibility complex (MHC)-matched (in both human trials and animal studies), immunization against minor histocompatibility antigens (mHAs) is most probably responsible for the rejection. 19, 20 Leukocytes present in the transfused blood are traditionally thought to be the source of immunization against both human leukocyte antigen (HLA) antigens and mHAs. However, implementation of universal leukoreduction in multiple centers has failed to decrease the rates of BMT rejection in multiply transfused patients. 21, 22 Transfusion standards require that leukoreduced red blood cells (RBCs) contain fewer than 5 ϫ 10 6 leukocytes per unit in the United States 23 and fewer than 10 6 leukocytes per unit in Europe. 24 Hence, leukoreduction decreases but does not eliminate leukocytes; thus, it remains possible that the residual leukocytes are responsible for BMT rejection. However, an alternate hypothesis is that exposure to mHAs on the RBCs themselves can lead to recipient immunization through processing and presentation of mHAs by recipient antigen-presenting cells (APCs), leading to BMT rejection. To test this hypothesis, we engineered a mouse model of leukoreduced blood transfusion and MHC-identical-mHAmismatched bone marrow transplantation.
Here, we report that transfusion of leukoreduced RBC units between MHC-identical-mHA-mismatched mice induces subsequent BMT rejection. Although such rejection could be the result of direct presentation of mHAs on residual leukocytes, we demonstrate that leukoreduction is sufficient to prevent transfusioninduced BMT rejection resulting from antigens expressed on leukocytes but not RBCs. Using a novel transgenic mouse with RBC-specific expression of a model antigen, the HEL-OVA-Duffy mouse (HOD mouse), we report that mHAs on transfused RBCs undergo crosspresentation with subsequent expansion of recipient CD8 ϩ T cells specific for the transfused mHA. Together, these findings demonstrate the potential of mHAs on RBCs to induce sufficient immunity to reject a subsequent BMT.
Methods

Mice
C57BL/6 (B6), BALB/c, B6.PL-Thy1 a (B6.Thy1.1), C.B10-H2b (BALB.B), and B6.C-H2d (B6.H2d) mice were purchased from The Jackson Laboratory and housed in Emory University Department of Animal Resources facilities. Mice were 8 to 12 weeks of age, and all procedures were performed according to Institutional Animal Care and Use Committeeapproved protocols. HOD mice were created as described. HOD and mHEL 25 mice were bred by the Emory Division of Animal Resources Animal Husbandry service (mHEL mice are available from The Jackson Laboratory).
Generation and characterization of the HOD mouse
The whole open reading frame (ORF) for HEL (including the N terminal signal sequence) was amplified by PCR. Primers were designed to insert a BamHI site on the 5Ј end, engineer a Kozak consensus sequence upstream of the start codon, remove the stop codon, and insert a SmaI site at the 3Ј end (5Ј-TCG GAT CCG CCA CCA TGA GGT CTT TGC TAA TCT T-3Ј; 5Ј-GGC CCG GGC AGC CGG CAG CCT CTG ATC C-3Ј). The portion of the OVA ORF encoding amino acids 251 to 349 was amplified with primers that inserted a SmaI site on the 5Ј end (in frame with the HEL ORF), removed the stop codon, and inserted an XhoI site on the 3Ј end (5Ј-GGC  CCG GGG GCC TTG AGC AGC TTG AGA G-3Ј; 5Ј-GGC TCG AGC  ACT CCA GCC TCT GCT GAC CC-3Ј) . Finally, the complete ORF for Duffy was amplified with primers designed to insert an XhoI site on the 5Ј end in frame with the start codon and insert an XbaI site on the 3Ј end after the stop codon (5Ј-TGA ACT CGA GAT GGC CTC CTC TGG GTA TGT  CC-3; 5-CTC TAG ACT AGG ATT TGC TTC CAA GGG TGT-3Ј) . Plasmids containing cDNA templates for amplification for HEL and OVA were generous gifts from Dr Judith Kapp (University of Alabama at Birmingham) and Dr Emil Unanue (Washington University, St Louis, MO). Human Duffy was amplified from a Quick-Clone cDNA library synthesized from human bone marrow (Clontech). PCR was carried out with highfidelity pfu enzyme (Stratagene), the amplified fragments were ligated into pGEM-T Easy (Promega), and the inserts were sequenced in both directions. The HOD cDNA was assembled through sequential ligation in pGEM-T Easy. The complete ORF was reamplified with the 5Ј HEL primer and a new 3Ј Duffy primer designed to introduce a BglII site in the 3Ј end, and complete sequencing was carried out. The completed HOD ORF was excised by digestion with BamHI and BglII and was ligated into (ЈLCR ␤ pr delta Nco Bgl) that was digested with BglII. Recombinants were isolated and orientation was confirmed through sequencing. The final construct was linearized and bacterial elements were removed through digestion with ClaI and SacII. The linearized construct was purified and submitted to the Emory Core Transgenic Facility for pronuclear injection. Founder pups were screened by PCR and subsequently characterized by flow cytometry.
HOD expression was assessed by staining peripheral blood with polyclonal murine antisera to HEL or OVA generated through immunizing B6 mice with HEL or OVA protein. Expression of Duffy antigens was assessed using human antisera to Fy a or Fy b , or monoclonal anti-Fy 3 (MIMA-29, generous gift from Marion Reid and Greg Halverson at the New York Blood Center). APC-conjugated allospecific anti-IgG1 b or anti-human Ig (BD Biosciences) was used as secondary antibodies. Expression on leukocytes or platelets was analyzed by also staining with anti-CD45, anti-CD41, and anti-TER-119 (BD Biosciences). Leukocytes were defined as CD45 ϩ TER-119 Ϫ events and PLT as CD41 ϩ TER-119 Ϫ events. Flow cytometry was carried out using a BD FACSort and data were analyzed using FlowJo software (TreeStar).
Leukoreduction of mouse blood
Mouse blood was obtained by retro-orbital bleeding into anticoagulant containing adenine, citrate, and dextrose (ACD Solution A; BD). RBCs were washed with phosphate-buffered saline (PBS) adjusted to 340 mOsm with NaCl (modified PBS or mPBS) and leukoreduced over a neonatal leukoreduction filter (Purecell Neo; Pall Medical) previously primed with 12 mL mPBS. The blood was then washed 3 times with mPBS to remove platelets. Each transfusion consisted of 100 L of packed RBCs diluted with 400 L PBS injected in the tail vein.
Enumeration of residual white blood cells
Residual white blood cells (rWBCs) in the leukoreduced blood were enumerated by flow cytometry using the method previously described. 26 Briefly, a 25-L aliquot of blood was stained using 150 ng/mL propidium iodide (PI; Invitrogen) in a 1-g/L sodium citrate dihydrate solution with 0.7% Zap-oglobin II reagent (Beckman Coulter), 0.7% RNAse cocktail (New England Biolabs), effectively staining all nucleated cells. Nuclei were enumerated on a BD FACSort flow cytometer. A known quantity of APC-labeled beads were added to each sample to allow acquisition of absolute counts (BD).
BMT
Whole bone marrow was prepared from the femur and tibia of donor mice. For BALB.B BMT, B6.Thy1.1 recipients were irradiated with a dose of 650 cGy, on the same day 5 ϫ 10 6 whole bone marrow cells from BALB.B donor were injected intravenously. For HY mismatched BMT, female B6.Thy1.1 recipients were irradiated with a dose of 500 cGy and injected on the same day with 5 ϫ 10 6 whole bone marrow cells from male B6 donors.
Bone marrow engraftment analysis
Bone marrow engraftment was monitored by flow cytometry. Peripheral WBCs were stained with fluorescein isothiocyanate-labeled anti-CD3, phycoerythrin-labeled anti-Thy1.2 (BD), and APC-labeled anti-Thy1.1 (eBioscience) antibodies. Percent donor engraftment was calculated using Thy1.1 ϩ events/(Thy1.1 ϩ events ϩ Thy1.2 ϩ events) ϫ 100. Engraftment was defined as a sustained chimerism of greater than 5%, 6 weeks after transplantation. The use of CD45.1/CD45.2 markers was purposely avoided in our system, as CD45.1/CD45.2 has been reported to be an mHA capable of inducing rejection. 27 
In vivo killing assay
In vivo killing assays were performed according to a method adapted from Barber et al. 28 Briefly, RBC lysed spleen cells from B6 and B6.H2d mice were labeled with a different concentration of carboxyfluorescein succinimidyl ester (CFSE): 3 M (B6 control population) or 0.25 M (B6.H2d cells). A total of 5 ϫ 10 6 cells of each population were mixed and injected into experimental groups. Twelve to 15 hours after injection, spleens from recipient mice were harvested and remaining CFSE-labeled target cells were analyzed by flow cytometry. Percent specific removal of CFSElabeled donor target cells was calculated as follows: [1 Ϫ (B6.H2d/B6)/ (B6.H2d in a naive mouse /B6 in a naive mouse )] ϫ 100.
In vivo cross-presentation to OT-I T cells
On day Ϫ1, 15 ϫ 10 6 splenocytes from OT-I donors were labeled with
Statistical analyses
For bone marrow transplantation studies, the significance of the rejection rate was analyzed with a Fisher exact test on the contingency table formed by the engraftment and rejection events in the groups of mice transfused with mismatched leukoreduced blood and transfused with syngeneic leukoreduced blood. For the crosspresentation to OT-I studies, the significance of the expansion of the OT-I T cells was analyzed with a one-way analysis of variance with Dunnett posttest comparing the HOD and HOD LR group with the FVB control group. Analysis was performed using GraphPad Prism, Version 5.0a for Macintosh (GraphPad Software; www. graphpad.com).
Results
Transfusing leukoreduced units of RBCs induces BMT rejection across mHA barriers
We engineered a murine system in which processing of RBC units models current methodologies of manufacturing human RBCs units, including collection solution and filter leukoreduction (as described in "Leukoreduction of mouse blood"). To assess the degree of leukoreduction, rWBCs were quantified in each RBC preparation using a PI-based flow cytometric method adapted from a previously described technique. 29 As a positive control for visualization of rWBCs, whole blood was stained and PI ϩ events corresponding to WBCs were enumerated ( Figure 1A ). rWBCs were easily detectable in whole blood ( Figure 1A middle panel), and this was not the result of background signal, as no events were observed in unstained samples ( Figure 1A left panel). Filter leukoreduction resulted in a considerable decrease in rWBCs ( Figure 1A right panel) . Enumeration of rWBCs demonstrated that, on average, there were fewer than 1000 rWBCs per 100 L unit transfused. At the human scale, this would represent 2.5 ϫ 10 6 rWBCs per 250 mL unit of packed RBCs. Although volumes of RBCs per human unit vary, this constitutes less than 5 ϫ 10 6 residual leukocytes per unit, which is the standard for blood transfusion in the United States. 23 B6.Thy1.1 mice were given weekly intravenous transfusions of 100 L packed, leukoreduced RBCs from BALB.B donors. This amount of blood approximates the volume of a human RBC unit in the context of mouse whole blood volume. Negative control mice were transfused with 100 L packed leukoreduced RBCs from B6 donors. Both groups received 4 weekly transfusions. One week after the last blood transfusion, mice were conditioned and given transplants of bone marrow from BALB.B donors. Engraftment of the BMT was evaluated 6 weeks after transplantation by staining peripheral WBCs of recipient mice with antibodies against the Thy1.1 (recipient) and Thy1.2 (donor) congenic markers. Representative plots of mice with BMT engraftment and rejection are shown ( Figure 1B) .
Whereas 100% of naive mice displayed BMT engraftment, transfusion of leukoreduced BALB.B blood into B6.Thy1.1 recipients induced BMT rejection ( Figure 2A ; Table 1 ). Combined analysis of 3 separate experiments with 17 total recipient mice demonstrated a rejection rate of 94% (P Ͻ .001) after transfusion with leukoreduced BALB.B blood. This effect was not the result of nonspecific factors in the transfused RBCs, as no rejection was observed in recipients receiving B6 RBCs (Figure 2A ). In this model system, mice displaying engraftment had a range of T-cell chimerism from 18% to 81% and 48% to 70% for untransfused and B6 transfused mice, respectively ( Figure 2B ). In mice that rejected BMT, essentially no donor Thy1.2-positive cells were detectable ( Figure 2B ; see Figure 1B for representative flow cytometric data). Early experiments showed that BALB.B whole blood was more potent than leukoreduced blood in inducing BMT rejection; a single transfusion of whole blood induced 100% rejection, whereas rejection was variable with fewer than 3 transfusions of leukoreduced RBCs (data not shown). Together, these data demonstrate that transfusion of mHA-mismatched RBCs induces BMT rejection and that, although leukoreduction decreases the immunogenicity of RBC transfusion compared with whole blood, it is insufficient to prevent transfusion-induced BMT rejection.
Direct and indirect pathways in mHA-based transfusion-induced BMT rejection
To study the contribution of the indirect pathway of antigen presentation in transfusion-induced BMT rejection, we modified our model using BALB/c mice instead of BALB.B mice as RBC donors while keeping BALB.B mice as BMT donors ( Table 1) For personal use only. on April 25, 2017 . by guest www.bloodjournal.org From rejected the BMT ( Figure 2C ). These data suggested that the indirect pathway was sufficient for transfusion-induced BMT rejection; however, it remained possible that the major alloresponse against H-2 d MHC on BALB/c blood crossreacted with mHAs on BALB.B to the extent that it induced BMT rejection. To assess this possibility, we used B6 mice congenic for the H-2 d MHC as RBC donors (B6.H2d), thus isolating the H-2 d component of the immune response (Table 1) . To enhance the alloresponse, recipient mice were transfused up to 3 times with packed whole blood (not leukoreduced). One week after the last transfusion, mice were conditioned and BALB.B marrow was transplanted. No rejection was observed in any of the transfused animals ( Figure 2E ). There was a trend to lower levels of engraftment in mice receiving H-2 d blood ( Figure 2F ), but this trend did not reach statistical significance; no difference was seen between H-2 d -transfused and untransfused groups. Lack of BMT rejection was not the result of lack of alloimmunization, as in vivo killing assays demonstrated elimination of the H-2 d targets ( Figure 2G ). These data demonstrate that a robust anti-H-2 d response does not cause rejection of BALB.B marrow, and rules out that the anti-H-2 d response caused BMT rejection after transfusion of BALB/c RBCs. It is worth noting that, despite their differences in MHC molecule sequence, a fraction of mHA peptides may be presented by MHC from both H-2 d and H-2 b haplotypes. This may particularly be the case for MHC class II, as the MHC II molecules I-A b and I-A d have relatively few differences and are known to present some of the same peptides. 30 Thus, we cannot unequivocally rule out that a low level of direct presentation is possible to the extent that a T cell specific for an H-2 d /mHA complex may crossreact with an H-2 b /mHA complex. However, these findings suggest that the direct pathway is not required and suggest that the indirect presentation of mHAs on transfused leukoreduced blood is sufficient to induce an immune response that causes BMT rejection.
Leukoreduction prevents BMT rejection induced by HY mHA-mismatched blood
The data from the two preceding sections demonstrate that transfusion of RBC units induces BMT rejection. Although the units are stringently leukoreduced by the same methodologies used on human blood, leukocytes are nevertheless not completely eliminated. Thus, 2 hypotheses are equally consistent with the observed data: (1) mHAs on RBCs induce BMT rejection, and (2) mHAs on the low number of rWBCs are sufficient to induce rejection. To assess the contribution of rWBCs, we narrowed the transplantation barrier to a known minor antigen system, the male antigen (HY). 20 We chose this system specifically because the HY antigens, Smcy and Uty in H-2 b animals, 31 are predicted nuclear proteins (http://www.uniprot.org/uniprot/Q62240, http://www. uniprot.org/uniprot/P79457). As RBCs are anucleate cells, one would not predict Smcy or Uty to be present in RBCs; indeed, the male antigens have not been detected in mature RBCs. 32, 33 We used this system to assess whether the extent of leukoreduction was sufficient to prevent BMT rejection to an mHA present on leukocytes but not RBCs.
Female B6.Thy1.1 mice were transfused with RBCs from male B10.BR mice, followed by bone marrow transplantation with male B6 donor marrow. B10.BR mice, which are H-2 k , were used to minimize the effects of direct presentation analogous to the BALB/c-BALB.B combination, as any rWBCs would not present Smcy or Uty in the context of H-2 b MHC (Table 1) . Whereas a single transfusion of whole blood induced BMT rejection in 100% of mice, 4 weekly transfusions of leukoreduced male RBCs induced BMT rejection in only 13% of mice ( Figure 3 ). These data demonstrate that the extent of filter leukoreduction is generally sufficient to eliminate transfusion-induced BMT rejection in response to an antigen on leukocytes, which is not on RBCs. This also suggests that residual leukocytes are not sufficient to cause BMT rejection in the previous experiments transfusing BALB.B or BALB/c blood into B6.Thy1.1 recipients. This supports the hypothesis that mHAs on RBCs are contributory.
Generation of a novel transgenic donor mouse with RBC-specific expression of defined mHAs
Although the data in previous sections suggest a role for mHAs on RBCs in transfusion-induced BMT rejection, an RBC-specific mHA was required to focus our analysis on the role of RBCs to the exclusion of WBC antigens. In addition, one would need sufficient analytic tools to study the immune response to the RBC-specific mHA. To achieve these criteria, we chose to generate a novel transgenic mouse with RBC-specific expression of existing model antigens for which a wide array of analytic tools already existed. We engineered a fusion protein of a model humoral antigen (HEL) and a model cellular antigen (OVA). To allow linkage to the RBC by natural means, the HEL-OVA protein was further fused in frame to the human Duffy blood group antigen; the Duffy b (Fy b ) variant was used. The ORF codes for the triple-fusion protein HOD ( Figure  4A ). To provide RBC-specific expression, the HOD ORF was ligated into an expression vector containing the human ␤-globin gene promoter, ␤-globin locus control region (ЈLCR), and the ␤-globin gene intron 2 and 3Ј enhancer ( Figure 4B ). This construct has previously been reported to confer RBC-specific expression in a transgenic mouse. 34 A founder mouse that had germline integration of the transgene was identified and bred to generate a working colony. The transgene was transmitted with Mendelian segregation and litter sizes were normal, Figure 4C ). The staining with anti-OVA was not an artifact of HEL contamination of the OVA used to generate anti-OVA antiserum, as anti-OVA did not stain cells from a mouse with ubiquitous expression of surface HEL (mHEL mouse, 25 Figure 4C ). HOD RBCs stained negative with control mouse serum (data not shown). HOD RBCs also stained negative with anti-Fy a (as predicted because the Fy b Duffy variant was used in the HOD construct).
Expression on nonerythroid cells was assessed by gating on CD45 ϩ leukocytes or CD41 ϩ platelets and assessing anti-OVA staining. No HOD expression was detected on CD45 ϩ TER-119 Ϫ leukocytes ( Figure  4D ). This was not an artifact of the stain not working, as leukocytes from the mOVA mouse were strongly positive. Likewise, no expression of HOD was detected on CD41 ϩ TER-119 Ϫ platelets ( Figure 4E ). Together, these data indicate that the HOD antigen is expressed in a conformation that preserves the different epitopes from the fusion partners and in an RBC-specific fashion.
mHAs on transfused RBCs are cross-presented on MHC I of recipient APCs
On the basis of the ability of leukoreduced RBCs to induce BMT rejection, we hypothesized that mHAs on transfused RBCs were capable of inducing anti-mHA immunity after processing and presentation by recipient APCs. In the field of transfusion medicine, it is well established that RBC antigens can induce activation of recipient CD4 ϩ T cells and antibody-secreting B cells. Here, we further hypothesized that mHAs on transfused RBCs could be crosspresented into recipient MHC class I and stimulate CD8 ϩ T cells. To test this hypothesis, we used OT-I transgenic mice, which express a T-cell receptor that recognizes a peptide from OVA (SIINFEKL) presented by H-2K b MHC-I. OT-I splenocytes were adoptively transferred to wild-type B6.Thy1.1 recipient mice. Transferred OT-I T cells were visualized by an H-2K b /SIINFEKL tetramer reagent. To allow an assessment of proliferation, OT-I T cells were labeled with CFSE before adoptive transfer. Transfusion of HOD RBCs induced a substantial expansion of OT-I T cells compared with negative control mice that received wild-type FVB blood ( Figure 5A-B) . Expansion of OT-I T cells was not significantly decreased by leukoreduction of HOD RBCs. The expansion was a function of CD8 ϩ T-cell proliferation, as CFSE was diluted out in mice that received HOD whole blood or leukoreduced HOD RBCs, but not wild-type FVB RBCs ( Figure 5C ). These data indicate that mHAs expressed on transfused RBCs can be processed by recipient APCs and crosspresented on MHC class I in a fashion that leads to expansion of mHA-specific CD8 ϩ T cells.
Discussion
Currently, the primary immunologic focus of transfusion medicine is to monitor the generation of antibody responses against blood group antigens on transfused RBCs. Indeed, providing crossmatchcompatible RBCs to patients is essential to avoid hemolytic transfusion reactions, which may lead to substantial morbidity and, in some cases, mortality. However, several clinical observations have demonstrated a correlation between the number of transfused units and the likelihood that a patient will reject BMT. 13, 14 This observation is equally consistent with 2 distinct hypotheses. First, repeat transfusion is causal for subsequent BMT rejection. Second, the severity of the underlying illness both necessitates more frequent transfusion and increases the likelihood of BMT rejection (ie, transfusion is correlative to rejection but not causal). Although severity of illness may certainly play a role in the likelihood of BMT rejection, the data presented herein demonstrate a causal link between transfused RBC units and BMT rejection across mHA barriers in a murine model. This defines a novel immunologic sequela of RBC transfusion, one that is currently neither monitored nor addressed by clinical transfusion immunology.
It is our hypothesis that exposure to mHAs on RBCs is alone sufficient to mediate transfusion-induced BMT rejection, as rejection occurred despite stringent leukoreduction. Of course, rWBCs cannot be entirely eliminated, thus making it impossible to unequivocally rule out that trace levels of rWBCs contribute to the effect. From the standpoint of establishing the transfusion-induced BMT rejection phenomenon, this issue is not practically relevant as, like our murine model, units of human leukoreduced RBCs likewise have rWBCs present. However, identifying the immunizing component of the RBC unit is central to devising a strategy to address the problem. If rWBCs are indeed responsible, then efforts should focus on developing better leukoreduction methods. However, if mHAs on RBCs are sufficient, then improving leukoreduction will not remedy the problem. The observation that leukoreduction is sufficient to prevent transfusion-induced BMT rejection in response to a leukocyte-specific antigen (HY antigen; Figure 3) indicates that the number of rWBCs after leukoreduction is insufficient to cause BMT rejection, suggesting that mHAs on a non-WBC component contribute to inducing rejection in leukoreduced transfusion-induced BMT rejection in the BALB.B-B6 strain combination. However, it is important to consider that the BALB.B-B6 strain combination has numerous antigenic differences and represents a greater immunologic barrier than the HY system. Thus, it is also possible that rWBCs are more potent in the BALB.B-B6 system.
We further tested the hypothesis that exposure to RBC mHAs is sufficient to induce immunity by creating the HOD mouse and observing that exposure to an RBC-specific mHA can induce a cellular response in the CD8 ϩ compartment. These results build on our previous observations that CD8 ϩ T cells responded to OVA chemically crosslinked to leukoreduced RBCs. 35 However, in these previous experiments, as OVA was crosslinked to rWBCs, the crosslinking procedure may have altered the biology of RBCs. Using an RBC-specific genetic approach in the HOD mouse, the current data circumvent these caveats and provide substantial additional support to the notion that processing and presentation of mHAs on RBCs stimulates CD8 ϩ T cells in the absence of contaminating donor WBCs. It is worth acknowledging that we cannot rule out that trace levels of HOD expression on WBCs, which are below our limits of detection, are responsible for activating CD8 ϩ T cells. However, given the lack of detectable HOD on WBCs by flow cytometry and the similar expansion of OT-I T cells with leukoreduced RBCs and whole blood, we consider this possibility doubtful.
By minimizing the direct antigen presentation pathway in the BALB/c-C57BL/6 strain combination, our data suggest that the indirect pathway of antigen presentation is sufficient for transfusioninduced BMT rejection. The direct pathway was likewise minimized in the induction of OT-I activation by HOD RBCs, as the HOD mouse is on an FVB background and does not express H-2 b . Together, these data indicate that processing of the blood by the recipient's APCs and presentation to the recipient's T cells are sufficient to activate an immune response against an mHA present on RBCs. However, the OT-I data only represent activation of CD8 ϩ T cells, not established immunity, and thus represent a potential afferent mechanism of induction of immune responses by allogeneic RBCs. The effector mechanism of transfusion-induced BMT rejection has yet to be determined. However, the known activation of CD4 ϩ T cells and B cells by transfused RBCs and the current HOD data indicating activation of CD8 ϩ T cells provide several potential pathways of rejection.
In aggregate, the data presented herein strongly suggest that exposure to mHAs present on RBCs is capable of inducing cellular immunity and BMT rejection. Of course, the applicability of these findings to the human setting depends on the parallels between mouse and human biology. Nevertheless, these findings may explain the increased rates of BMT rejection in multiply transfused patients. Moreover, to the extent that mHAs are shared on RBCs and solid organs, these data predict increased rejection of solid organs in multiply transfused patients, as it has been suggested in recent years. 36 Finally, as transfusion may induce memory cells specific for donor antigens, multiple transfusions may decrease efficacy of immunomodulatory approaches such as costimulatory blockade, which are less effective at inhibiting memory versus naive T cells. Extension of these studies into the human setting may consist of analyzing chronically transfused patients for T-cell immunity against known human mHAs through tetramer analysis of freshly isolated or restimulated peripheral T cells.
In the context of the data presented herein indicating that exposure to mHAs on RBCs can induce immunity, it is our prediction that no extent For personal use only. on April 25, 2017 . by guest www.bloodjournal.org From of leukoreduction will prevent transfusion-induced BMT rejection. Exposure clearly cannot be eliminated, as patients need the therapeutic effect of the transfused RBCs. At first consideration, it seems doubtful that matching donor and recipient mHAs during transfusion of patients likely to receive a transplant will be feasible, as the involved mHAs may be undefined and/or too varied to allow matching. However, it is possible that the specific mHAs are limited to antigen present on both mature RBCs and expressed by hematopoietic stem cells. In such a case, the number of relevant antigens may be limited, and matching may ultimately become feasible. In the absence of matching, development of immunomodulation strategies and/or improved conditioning regimens that can overcome existing immunity while limiting toxicity will probably be required.
